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ABSTRACT 



Through a new process recently developed at NRL.it Is 
now feasible to produce submicron o rga nic fibers from a 
variety of thermoplastic materials. By this method an adjust- 
able extruder forces a hot thermoplastic melt througha row 
of fine orifices into high-velocity dual streams of heated gas, 
usually air. The nozzle design provides for immediate 
resumption of attenuation following breaks, which are inevi- 
table at submicmn diro** n s*ons 

Fiber diameters are determined by four basic process 
variables: air and nozzle temperatures, air pressure, and 
polymer feed rate (or ram pressure), ail of which may be 
controlled independently. Nylon, linear polyester, polytri- 
fluorochloroethylene, silicone, polystyrene, and other fibers 
can be produced, but those polymers which possess low melt 
viscosities attenuate most readily. Materials such as poly- 
vinyl chloride and polyacrylonitrile which do not melt or 
soften sufficiently below their decomposition temperature 
cannot be employed in this process. Proper balancing of all 
the variables yields fine fibers of good uniformity and quality. 

By eliminating intermediate operations of fiber chopping 
and wet techniques of paper making, preparation of fabrics 
from thermoplastics is promising economically as well as 
technologically. 



PROBLEM STATUS 
This is an interim report; work on the problem is continuing. 
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NRL Problem C06-11 
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ft MANUFACTURE OF SUPERFINE ORGANIC FIBERS 

». 

INTRODUCTION 

A rather broad project was initiated at the Naval Research Laboratory in 1951 on 
the methods of production and the properties of organic fibers that were less than one 
^micron in diameter. The so-called 'fiber-forming* thermoplastic materials, which 
include nylor^ linear pciyest^s, ^iti polyethylene, were ol particular interest in this 
{investigation. This group is defined as polymers that undergo molecular orientation when 
they are cold-stretched. The only synthetic fibers available at that time were the ordi- 
nary textile-grade fibers, the finest of which were about 12 microns in diameter. At the 
outset, the object was simply to design an apparatus that would produce submicron fibers. 
The size was of primary importance because of its known effect on the efficient perform- 
ance of filter papers. The form of the fibers, whether staple or continuoup, did not at 
first matter, but early findings showed that fineness would play an important role In 
obtaining good fiber dispersion and strength for the final product. K was thought that a 
homogeneous material composed entirely of submicron synthetic fibers would have great 
usefulness for aerosol filtration as well as for dielectric insulation. 



PRODUCTION METHOD 

The apparatus developed for the attenuation of fine fibers is essentially an extruder 
that forces a hot melt of thermoplastic through a row of fine orifices and directly Into 
two converging high-velocity streams of heated gas (usually air). The diagrams of Figure 1 
illustrate the juxtaposition of the air streams and nozzles. The temperatures of the air 
and molten plastic are controlled separately, and the velocities of the air and molten 
plastic are also separately controlled. As shown in the cutaway view of the nozzle tip 
(Figure lb), the individual orifices are actually slots which are milled into a flat surface 
and then matched with identical slots milled into a mating surface. When the two halves 
are placed together, they form a row of openings which, according to the preferred design, 
are 0.014 inch wide and 0.020 inch apart, center to center. As a result of this spacing, 
the fl*t surfaces between the grooves are 0.006 inch wide and form -dead 0 spaces that 
separate the fibers in the blast. The straight line arrangement of apertures permits any 
number* of orifices to be used in a nozzle. Generally, the orifices are set in groups of 
50 in an inch with another inch separating the groups in order to facilitate proper clamp- 
ing of the two nozzle halves. 

The actual point at which a fiber is formed lies within the gas stream where the 
stream attains its peak velocity. Since the molten material issues from the nozzle 
directly into the confluence of the two air streams, the greatest amount of attenuation 
occurs at the point of exit. Thus, the orifice size has little importance provided it is 



*Thi« depends on the width of the desired fiber web 



1 



NAVAL RESEAfl 



CH LA BOHATOHV 










HEATING 




ELEMENT 





32! 

B 



(a) Fiber attenuator 0>) Noxsle tip 

Figure 1 - Diagram of apparatus uacd to attenuate libera 

Urge enough to pass the melt without plugging. The orifice diameter and the orifice 
length determine the hydraulic pressure required to yield a given polymer feed rate. 
This pressure must be high enough to give good distribution and controllable flow to the 
plastic melt. Generally, an orifice length of one Inch provides adequate back Pressure 
for the typical hot melt. The velocities of the streams and their temperatures, the melt 
viscosity, and the size of the angle Included by the two gas streams all combine to deter- 
mine the extent of the zone of attenuation and the resulting fiber diameter. As « . conse- 
quence of the cooling undergone by the air when expanding, the fibers are solidified upon 
reaching a point one to two inches away from the nozzle. 

The dispersion of fibers produced by this process Is Illustrated with a photograph 
(Fteure 2) taken by an Illuminating flash of approximately one-microsecond duration. 
He« there were 15 streams of material being formed, and the gas velocity w* S held 
especlaUy low so that the fibers would be large enough to be seen. Under normal condi- 
tions when submlcron fibers are formed, their fineness and their gr ^eatei ■movement 
resulting lrom higher gas velocities prevent the eye from seeing anything In front of the 
nozzle. 

The collection method employed for the fibers is simply a process * P^"C <ta 
air through a moving wire screen and thereby depositing the plastic on the screen as a 
randl mesh of fibers. The type of network produced by this process * *ho™ as an 
electron micrograph of a nylon fiber layer (Figure 3) resulting from a 0.1-second expo- 
sure to the air stream. 

The nozzle angle, i. e. , the angle Included by the two air streams, Is » J-Jg!? 
factor In nozzle performance. When this angle approaches 90 . hlg .degree of fiber 
dispersion results and the most random orientation Is developed In the product. A nozzle 
angte of 30°, however, yields a greater number of parallel fibers deposited as loose y 
cofled bundles, but this angle also produces greater attenuation from a given gas ^velocity 
and, as a further advantage, has less tendency to form discontinuities in "lament length. A 
prime feature of the entire design Is the ability of the nozzle to continue the attenuation in 
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soitjlf breaks in the liber, which are inevitable at submicron dimensions. When a break 
S! occurs, lh * gas stream automatically resumes the attenuate, and only a small 
globule oi noniibrous material is formed. 
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Figure 2 - High-speed photograph showing production of nylon fibers 
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Figure 3 - Electron micrograph ol 
nylon liber layer 

ATTENUATING CHARACTERISTICS OF VARIOUS THERMOPLASTICS 

Amone the (actors that establish, the ability of a given polymer to ^attenuate tc , a fU>e 
fiber a« Us melUnriint, viscosity-temperature characteristics, and surface tension 
wS ch ma l oe coisiL^ as incorporating intermodular forces Jhe opt mum o^rat- 
Ing conditions for a range of thermoplastics as g.ven ^^J^^ts ^'T^ 
yield the most continuous, shot-free fibers. Fibers wUh other dw ™« t «^ ^f^'^e 
be made by merely changing any of the four basic variables i *->™J™** T ™*^ X * 
temperature, air velocity (pressure), or polymer feed rate (ram P£«ure>- JJJJJ*^ 
etrene and polyethylene must be attenuated at temperatures well above their melting poinu. 



4 



NAVAL RESEARCH LABORATORY 



The difference between air temperature and the melting temperature of polyethylene must 
amount to almost 600° F in order to reduce the meit viscosity sufficiently. Viscosities in 
the order of iOOO poise or less are desirable in fiber production by this process. When 
It polyethylene and polytrifluorochloroethylene were attenuated, it was necessary to use 

special commercial grades that had low molecular weights. Any polyethylene that had a 
molecular weight greater than 12,000 remained too viscous for smooth attenuation even 
at high melting temperatures. Polyvinyl chloride and polyacrylonitrile were tried but 
both began to decompose at temperatures well below those necessary to achieve adequate 
fluidity. 



TABLE 1 

Attenuating Characteristics of Various Thermoplastics 



Polymer 


Melting 
Point (°F) 


Nozzle 
Temp (°F) 


Air 
Temp (°F) 


Air 

Pressure 
(psi) 


Ram 
Pressure 
(psi) 


Fiber 
Diam 
(micron) 


Rate* 

(lb/hr) 


J^lon 6-6 


510 


680 


700 


50 


100 


0.3 


o.n - 


Nylon 6-10 


420 


600 


650 


50 


100 


0.3 


0.11 


Nylon 6 


410 


600 


650 


40 


80 


0.7 


0.24 


Polyester 
(Dacron) 


400 


600 


750 


40 


70 


0.3 


0.19 


Polytrifluoro- 
chloroethylene 


500 


720 


900 


15 


900 


0.4 


0.16 


Polystyrene 


300 


700 


840 


20 


220 


1.0 


0.17 


Silicone 


280 


400 


500 


15 


100 


1.5 


0.35 


Polyethylene 


220 


700 


800 


10 


300 


2.0 


0.24 



^Production rate on a machine having 192 orifices. 



Although operating temperatures as high as 800° F would normally be considered 
destructive to organic molecules, the exposure time at these temperatures is so short 
that negligible polymer degradation occurs. A short 'holdup* time in the plastic melting 
stage also reduces degradation. The time is held small by a cold water jacket around the 
barrel of the ram-feedlng mechanism. Being cooled in this way, the plastic does not melt 
until it moves up and contacts the heated face which leads it directly into the slot feeding 
the nozzle orifices. 

The fiber diameters listed in Table 1 are estimates made on an optical microscope 
with dark field illumination. Correlations, however, were also made by the use of elec- 
tron micrographs of the fibers and by an airflow resistance test. At a standard air flow 
of 85 liters per minute through a 100 cm 2 area of fiber rn^t, the air-resistance test yields 
a value, measured in mm of water, for the pressure drop. This resistance divided by the 
weight, in grams, of 100 cm 2 of the fiber is the value reported in Figure 4 as an indica- 
tion of fiber diameter. The air resistance is related to fiber diameter by the following 
expression: 



Resistance r £ 

(Fiber Diameter; 
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wher|||| is a constant whose value depends in 
part uplh the porosity or density of the fiber 
mat. Mice the porosity of the fiber product is 
not alonstant value in this work, liber size is 
indicia usually by the air resistance expressed 
in mjglff water per gram of fiber. 



Ipshow the effects of the process vari- 
ablesfS% fiber size, a series of tests was made 
on poffistrene; they were based upon the optimum 
conditions given in Table 1 for this polymer 
(FtguPes 4 and 5). The results indicated that 
air resistance, or fiber diameter, was affected 
raost^sharply by nozzle temperature. When the 
nozzle temperature was below 680°F, the air 
resistance dropped rapidly thus indicating an 

irw*-*SW ' *^t> ->-" — r?c li^sr-cii^neter This 

behavior is substantiated by observations that 
below a certain melt temperature a given thermo- 
plastic will form large quantities of noniibrous 
■shot.' In fact, the normal method of establish- 
ing optimum operating conditions (Table 1) was 
to firSt find this critical nozzle temperature 

and tiien find the air velocity (pressure) that gave the minimum amount of shot. The air 
temperature and polymer feed rate were then adjusted to give the most freedom from 
fiber-breaks. During the attenuation of polystyrene, the nozzle temperature must be 
carefully regulated because at a temperature of 720°F the fibers become almost too short 
to collect on the wire screen The higher the nozzle temperature, the more difficult 
becomes the collection problem. 




0.1 0.2 0.3 



Figure 4 - Curve showing effect of 
polysirene feed rate on fiber sixe 
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Figure 5 - Curves showing effect of process variables upon polysirene - 
fiber sixe. A standard feed rate of 0.17 lb/hr was employed for each 
test and. except as indicated, all variables were maintained constant at 
ik* *, a w«t air oressure 20 psi. Air temperature B40 F. and 



the standard values: air pressure 
norxle temperature 690° F 



The finest fibers with the most uniform diameters have been made from type 66 nylon 
Figure 6 shows that the spread of fiber diameters may be contained within narrow limits 
provided temperatures and velocities are carefully balanced. This particular sample 
contains fibers whose diameters range between 0.11 and 0.22 micron. The achievement of 



Figure 6 - Electron micrograph showing 
uniformity of nylon fiber diameter 



this degree of uniformity, however, required an abnormally high air velocity - one which 
corresponded to a back pressure of 60 psl at the nozzle. Under such conditions, the pro- 
duction rate was slow and the collection of fibers rather difficult. High air pressures 
generally yield uniform and shot-free fibers but, at the same time, they make difficult the 
separation of fiber and air because of the excess volume of the latter. 



PROPERTIES OF SUPERFINE FIBERS 
Tensile Strength 

The most outstanding characteristic of fine libers is that when they are used In 
unbondeu «ebs or mats they acquire tensile strength rapidly as the fiber diameter is 
decreased. This property is illustrated in Figure 7 where also the great influence of 
sheet density is strikingly shown. All of the tested sheets contained no binder, and the 
higher densities were obtained merely by a room-temperature pressing. During this 
work, an investigation of fiber diameters in the submicron range has been stressed 
because it represents a direct approach to the problem of obtaining homogenity and free- 
dom from pinholes in fibrous sheets. It is well-known th^t at least part of the strength 
and flexibility of ceUulosic papers arises from the ability of regular cellulose fibers to 
subdivide or fibrilate and give a structure of submicron ultimate fibers. This idea is 
further supported by the fact that the flexibility of a fiber, expressed as the deflection 
under unit load, varies inversely with the fourth power of the fiber diameter. Another 
factor that favors decreased fiber diameter is the second-power relationship between the 
diameter of fibers and the number of them present in a unit of fabric. The number of 
contact points between fibers multiplies proportionally as the number of fibers in a unit 
volume increases, and as a result, the cohesive forces - the only forces holding these 
sheets together - are increased. 
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Figure 7 - Curves showing relation»hip 
between strength of unbondec nylon fiber 
mat »nd average fiber diameter 



Molecular Orientation 

f T he superline fibers produced by this process might ^ expected to^"""™ 
degree of molecular orientation even though there is no ^'^^JSS^^ 
fiber. When the fiber size is reduced from that of the orifice opening (OJOIC "inch) to a 
diameter of 0.3 micron, the liber undergoes an BOO-fold decrease in , J^S 
corresponds to a 64 x 10 s percent increase in length. It is reasonable then to expect 
mSforlenUtion. Furthermore, a fiber diameter of 0 3 micron »P£™£» 
theaverage length of.an uncoiled molecular chain. Nylon, for example, has an average 
length of about 1000 A or 0.1 micron. 

1 Efforts to show molecular orientation by x-ray diffraction h f v ^ all ^ M ^V_ 
sufficient bulk of the fine fibers has never been aligned in a single f^^Jf^fi 
to work with single fibers have also failed. There is, however an J^^gJ^Ti 
orientation within the fibers. A nylon (type 6-10) fiber web 0.007 ^* * 
completely impregnated with a flexible polyester resin. When cured and ' ™" 
anyTiber reinforcement, this resin possessed a 1700-psl Mta «£- gth_ 
tlon of 300 percent. The same polyester when reinforced by the nylon mat ol 
tensile strength of 1850 psi but an elongation of only 50 ^rctjA.^tthet^n^^ 
the test specimen showed no fibers protruding, it was assumed "J^J^Jjy 
wis realized. The stress that was applied to the plain polyester ^^^SSXttL 
50 percent was 350 psi. and when this correction was subtracted from the^ strengt h wuie 
reinforced specimen' a' tensile value of 1500 psi resulted for ^gj^"^^ 
correction factors were then required to give an equivalent ^^"^^J?^™™ 
vldual fibers. The strength was divided by the factor 2/» . which "presents the j "jerage 
com^of strength in the direction of test for fibers that are randomly distributed. 



i c u flfli nnmcitv was made by dividing the strength by the ratio 

A further correct ton toMh. : ihtj g^tod solid nylon (1.04 g/ee). The final appro*- 
pl the sheet density 0 17 g/cc) to the ^density ^t s , i ^ ^ un(jrlented 

matton tor the true liber f*" B g h J"^. " a tion 135 percent, the Increase in strength 
molded nylon type 6-10) is 7000 ps, JjJ^J^f ^ c S anges lhat norraaUy acc ompany 

S rie^'oritra" Because ^J—----' 

sertTs of assumptions and approximations . they are necessarily only tentative. 

PROCESS ECONOMICS 

The principal costs Involved In PJ°£^ 
incurred in heating and "^pressing large « »»• ^"pounds 0 , air per pound ol 

one pound of 1.0-raicron fiber might be 600 cubic 01 £ f , b roduced by 

" b ! r - ThlS ^J'S^^^S^^^^^ an average diameter 
a given weight of material As a result, m i s of n 

ofJM. micron is approximate* 10 . tlmes /"" e , * ' " o rheatine air to 650°F would be 

The simplicity 01 11.1s llber-lormlng process Is, In Itself, ol great '"^'""'j ^'J™' 

oft and the shape retained. 

CONCLUSIONS AND RECOMMENDATIONS 

* ,echn, 5 », ic-s <"*P- J. ^'"^xT.^^^^^ 
oM^^^^ 

be used as special!, papers, non«o»en labr.cs, and I h i gh whe „ .boot 
;rper^r.ran^erS 

Since by selecllon n, proper « "SSSSSS 25- 

fibers hold interesting possibilities. 
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APPENDIX A 
Design and Construction of Equipment 



th the initial experimental design, a small nozzle consisting of 15 nd.yldual orifices 
tha#ormed a row 3/8 inch wide was supplied with compressed air heated inside j/j-lnch 
tuh ng locked in the flue of a gas burner. Many design modifications were ^luated on UJs 
model The nozzle was mounted on a i-ounce Van Dorn injection n« der and the hydraull- 
cally operated ram-feeding mechanism was used to supply molten polymer. 

Ulthoueh the final equipment was developed from the. original small-scale experlmen- 
tal design it was scaled up to give 192 individual orifices in 4 groups, each 1 inch wide 
and sepaTated^y 1-inch spaces* for clamping screws. This machine, which is supplied 
with electrically heated air, can produce a uniform fiber web in a continuous strip^ 9 Inches 
wide. Figure Al shows a diagram of the final apparatus; photographs of the extruder and 
its accessory equipment appear in Figures A2 and A3. 

The most critical design feature of the apparatus is, of course, the nozzle for the 
molten polymers and the air (Figures A4 and A5); a detailed sketch is shown in Figure A6. 
To facilitate accuracy and uniformity in cutting the fine grooves, the extruder nozzle was 
constructed of free-machining stainless steel (type 416). The extruder nozzles were roughed 
to shape, surfaces A and C (Figure A5) were finished, but 1/16 inch of stock was left on 
surface B (Figure A4). Surface C of both halves was ground to a No. 16 finish, ana then 
these two surfaces were clamped together with surface A facing upward The two A faces 
were next ground to obtain absolutely flat surfaces. While still clamped In this ma oner the 
orifice grooves were cut with a sharp 3/8-lnch end mill. Positioned at an angle of 45 to 
surface A, the end mill produced 90° V-shaped grooves that matched perfectly when the two 
A surfaces were folded together. The result was a series of orifices having square cross- 
sections which extended the length of the nozzle. Surface A was lightly ground to remove 
burrs. 

Surface B was then finished, and care was taken to preserve the knife edge and sharp 
points lor mod along its Intersection with surface A. The iinal cuts on surface B were 
extremely light. In a final operation, the burrs at the ends of each groove were manually 
removed. 

The air nozzle was fabricated from Class 5 tool steel, and surface D (Figure A5) was 
given a ground finish. 

A 4 x 4 x 9 inch melting block made of cold-rolled steel fits between the nozzles and 
the ,nVc«on cylinder and serves both as a temperature regulator and -^% ut nch 
for the molten polymer. It has 10 holes drilled In from each end to receive 3/8-lnch 
electric cartridge heaters. The block was made in two halves and matching fan-shaped 
slou were cut in each half to a depth of 0.013 Inch. The slot was 7 Inches wide at the front 
of the block and narrowed to 1-1/4 Inches at the backside In order to *" T '*j™ d *™ , 
1-1/4 -inch internal diameter of the Injection cylinder. A conical "Jgj^J^^ 
with a 1-1/4-inch base diameter) was bored into the back of the block to allow a 
flow of polymer from the Injection cylinder Into the slot. The Internal surfaces of the block 
were chromium-plated (or corrosion protection- 
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To prevent polymer fror* melting inside the injection cylinder, a water jacket was 
in:-?.alled at its forward end, and a Teflon gasket between the cylinder and block was added 
to provide some heat insulation between the two parts. The 1-1/4 inch internal surface 
of the cylinder was chromium-plated. A standard hydraulic system is used to operate the 
ram-feeding mechanism, and a pressure-regulating bypass valve controls the oil pressure 
which in turn controls the rate of feed. Recharging the injection cylinder by retracting the 
ram to a position behind the feed hopper is performed intermittently and may be as fre- 
quent as once a minute or as seldom as once every 30 minutes. The operation itself is so 
fast, however, that the flow of polymer is not stopped but only momentarily reduced. In 
practice, the operator initiates the recharging operation when it is seen that the hydraulic 
piston and ram have neared their position of maximum travel. Preferably, however, this 
action would be taken automatically by having the piston contact a forward limit switch 
which would then operate the hydraulic valve through a relay and solenoid-valve system. 
A similar limit switch could be used to start again the forward motion of the ram. 

A rate-of-feed indicator (Figure Al) was devised to show, by the ^ight- Of 5. M /?tcr 
ctSiumn, me rate of ram movement; It may be calibrated to read in volume units per minute. 
This device is based upon a duplicator piston and a cylinder which is filled from a water 
reservoir. As the ram moves forward, water is forced through a small glass-fiber-packed 
resistor, and the back pressure is indicated by the water level in a glass tube. The dupli- 
cating piston and cylinder do not duplicate the exact volume of polymer that is being fed to 
the nozzles, but the piston does duplicate the linear motion of the feed ram and consequently 
forces a proportionate amount of water through the resistor. This auxiliary cylinder has a 
1-inch internal diameter as compared to the l-l/4-lnch diameter of the main cylinder. 

Air temperature is controlled by an - on-off p type temperature indicator (range 0 to 
1000° F) which actuates two 9-kw air preheaters that have alloy-sheathed elements. An 
input controller can be set to regulate the percent of time in a 30-second cycle during 
which power is supplied to the heaters. If this input setting is properly made, the air 
temperature may be held between 10°F limits. Air temperature for both the upper and 
lower halves of the nozzle is recorded on a 4-point strip recorder which is actuated by 
iron-constantan thermocouples. One of the points of this recorder is a controlled point 
which is connected to one of two thermocouples in the melting block. The block is heated 
by 20 cartridge-type heaters, each of which has a capacity of 100 watts. In order to give 
a smooth temperature control curve of less than 10° variation, the power to the heaters is 
regulated not only by the control relay but by a 2-kva variable autotransformer. 

The air for this process, which is supplied at 100 psl, passes through a flow meter and 
is then reduced to the desired pressure. A capacity of 30 cf ra is available for the attenuation, 
but if the full number of air nozzles described herein is used, a capacity of 60 cf m would be 
desirable. A maximum pressure of only 35 psi at the air nozzle is obtainable with the 30-cfm 
capacity. 

The fiber-collecting screen, which measures 15 inches in width, is supplied with suit- 
able masks to reduce the width of the suction area so that it will correspond to the total . 
length of the row of extruder nozzles. The screen and two chromium-plated 6 -inch calender 
rolls are driven by a variable-speed unit which permits production rates between 0 and 8 ft 
per min. A 2-hp blower is used to pull air through the screen. To determine the optimum 
distance between the nozzle and screen, the collection unit was built on small tracks 
(Figures A7 and A8). 




Figure Al - Diagram of proce«» equipment 
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ENHANCED BARRIER 
PERFORMANCE OF 
BICOMPONENT FIBER 
MELTBLOWN NONWOVENS 



The preferred polymer for producing 
meltblown is polypropylene, although 
polyethylene, polyfethylene tereph- 
thalate], poly[butylene terephthalate], 
poly[cyclohexane terephthalate], 
copolyesters, polyamide and most 
other thermoplastics may also be 
processed. Over 90% of all melt- 
blown nonwovens are made from PP 
because of its low cost, ease of pro- 
cessing, good mechanical properties, 
lack of heat shrinkage, chemical inert- 
ness and its ability to be drawn into 
very fine fibers. Although higher mol- 
ecular weight (and correspondingly 
low melt flow rate [MFR]) spunbond- 
grade PP (35 MFR) may be meltblown 
to produce high-quality webs, tailor- 
made PP resins with ultrahigh MFRs 
(generally 1000-1500 MFR) are most 
extensively utilized because they have 
much lower melt viscosity due to their 
low molecular weights (MW) and also 
have very narrow MW distributions. 
Thus, the ultrahigh MFR PP resins 
may generally be meltblown at tem- 
peratures on the order of 100°F lower 
than 35 MFR PP resin. This results in 
more uniform fabric properties, as 
well as less carbonization of the high- 
er MW macromolecules, and thereby 
notably increases the number of days 
between die cleaning/change out 



cycles. 

The meltblowing of bicomponent 
fibers brings another level of versatili- 
ty to the MB process. Although 
core/sheath (CS), side-by-side (S/S) 
and other configurations may be pre- 
pared 1 , the S/S configuration is pre- 
ferred by these authors for meltblown 
nonwovens because of the possibility 
that greater fiber crimp can be 
achieved due to density and fine struc- 
ture gradients on different sides of the 
bicomponent fibers. Another advan- 
tage of using bicomponent fibers with 
a low melting component, such as PE 
or copolyester, is that the low-temper- 
ature melting component will more 
readily thermally bond to different 
types of meltblown fibers, as well as 
to other substrate layers in laminates 
such as PP or PE spunbonds, PE film 
and scrims. 

However, the bicomponent meltblown 
prototype dies that have been devel- 
oped thus far appear to have a very 
complicated, fragile construction 
which would make them more prob- 
lematic under production conditions, 
difficult to clean, and even more diffi- 
cult and expensive to scale up to 
widths of 4-5 m. The new 24-inch 



1-4 



1-6 



1-8 



MO 
1-11 



100% PP 
(Exxon 3546G) 
25% PP/ 75% PE 
(Ewon 3546G/DOW6831A] 
50% PP/ 50% PE ' 

(Baon354€Ot)ow6831A) 
100% PBT ' 

(HoechstCelanese) 
50% PP/ 50 o /o PBT 

S^n^oechstce.anese, 

(Hoechst EKX 183) 
25% PP/75% pet 

(BASF B-3) 

25% PP/75% Nylon 6 
(Exxon 3445/BASF B-3) 
50% PP/50% Ny| 0n 6 ° ; 
(Exxon 3445/BASF B-3) 



* AlrGap=0 - 5 ^Setback=0. 7mm 



0.5 



0.6 
0.6 
0.7 

0.5 

0.5 



570 

570 

600 

600 

600 



630 
630 



~~ ^ _ Table 1 

No - Cflmn rt e;«^- Throughput - 

(Whole/mm) 



100% pp 
(Exxon 3546G) 
75%PP/25%pe 
(Exxon 3546G/Dow 6831A) 
75%PP/ 25 %pe ' 

(Exxon 3546G/DQW6831A) 
50%PP/ 50 o /o p E OJ7 *' 

(Exxon 3546G^ow6831A) 
25%PP/75%p E ' 

(Exxon 3546G^ow6831A) 
100% PE "o^imj 

(Dow 6831A) 
75% PP/25% pbt 

(Exxon 3445/Hoechst EKX 183) 



Air Flow Rate DieTemn 
(SCFIWn. Die) "(Jj** 



*AirGa P= o.a mm , Setbac)(=10mm 
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MECHANICAL PROPERTIES: FIRST SERIES 



Sample 

NO. 


Composition 


Basis 
Weight 
(gsm) 


Thickness 
(mm) 


Bulk 
Density 
(g/cm 3 ) 


MD 

Tenacity 
(mN/tex) 


MCI RroaLftnn 
ivil/ oicaMiiy 

Elongation 
(%) 


Bursting 
Strength 
(lb/in 2 ) 


MD Flexural 
Rigidity 
(mg-cm) 


1-1 


100% PP 


34.0 


0.408 


0.083 


8.69 


73 2 


Q 

o 


279.9 


I-2 


25% PP/ 75% PP 


50.2 


0.408 


0.124 


2.96 


12 1 


a q 


166.0 


I-3 


50% PP/ 50% PE 


50.3 


0.42 


0.120 


5.09 




Q O 

o.o 


215.7 


I-4 


100% PBT 


52.3 


0.369 


0.142 


2.37 


9 fil 

£.0 1 


10.7 


287.0 


I-5 


50% PP/50% PBT 


50.6 


0.384 


0.132 


7.79 


OU.D 


7.3 


380.3 ; 


I-6 


100% PET 


53.8 


0.545 


0.099 


4.53 


t T*T.\J 


6.4 


123.9 


I-7 


25% PP/75% PET 


49.4 


0.435 


0.114 


8.52 




0.3 


346.7 


I-8 


50% PP/50% PET 


50.0 


0.465 


0.108 


9.19 


39.0 


7.6 


381.1 


I-9 


100% Nylon 6 


52.2 


0.42 


0.124 


4.96 


35.6 


10.7 


91.7 


1-10 


25% PP/75°A Nh/lrtn fi 
tsJ /o rr/fO/o INyiOn D 




0.421 


0.126 


8.93 


52.7 


8.3 


223.2 


1-11 


50% PP/50% Nylon 6 


52.0 


0.355 


0.146 


10.10 


54.6 


8 


216.3 


















Table 3 







Fiber Diameter 




NaCI Aerosol 




Hydro-Head (HH) 


Air Perm. 


Sample 






(um) 




Filtration Efficiency 






(in) 


(ftW/min) 


No. 


Composition 


SEM 


EFD 1 


FE (%) 


AP 2 (mm H 2 0) 


NFE 


HH 


NHH 


Avg. 


1-1 


100% PP 


2.80 


4.95 


22.0 


1.8 


21.9 


18.92 


18.87 


99.2 


I-2 


25% PP/ 75% PE 


3.20 


3.55 


42.0 


3.5 


28.4 


27.92 


18.86 


50.04 


I-3 


50% PP/ 50% PE 


3.32 


3.55 


40.0 


3.6 


27.0 


25.5 


17.19 


54.31 


I-4 


100% PBT 


3.34 


3.38 


52.8 


3.5 


34.2 


15.71 


10.19 


52.6 


1-5 


50% PP/50% PBT 


3.12 


3.26 


42.2 


3.9 


28.3 


22 


14.74 


58.89 


1-6 


100% PET 


4.37 


8.99 


21.3 


0.73 


13.4 


4.13 


2.60 


234.54 


1-7 


25% PP/75% PET 


3.78 


5.80 


17.8 


1.4 


12.2 


12.46 


8:55 


154.19 


1-8 


50% PP/50% PET 


4.21 


5.15 


16.9 


1.9 


11.5 


13.42 


9.10 


110.08 


1-9 


100% Nylon 6 


3.08 


4.77 


32.0 


2.0 


20.8 


5.71 


3.71 


99.05 


1-10 


25% PP/75% Nylon 6 


3.45 


4.11 


30.6 


2.7 


19.5 


16.67 


10.63 


69.86 


1-11 


50% PP/50% Nylon 6 


3.00 


3.64 


31.4 


2.9 


20.5 


19.17 


12.50 


67.42 



1 Effective fiber diameter; 2 Pressure drop 



wide Reicofil meltbiown pilot line at 
TANDEC during the period of March- 
June 1999. Polymers used were PP, 
PE, PBT, PET, copolyester and nylon 
6 polymers. The grades of polymers 
and key meltbiown run conditions are 
given in Tables 1 and 2. The first 
series of trials described in Table 1 



were made with an air gap of 0.5 mm 
on each side of the 60° -angle melt- 
blown die nose piece, and the die tip 
was set back by 0.7 mm from the out- 
side face of the die. On the other hand, 
the second series of trials described in 
Table 2 were made with an air knife 
gap of 0.8 mm and a die tip setback of 



Table 4 



1.0 mm. A comparison of the filtra- 
tion, air permeability, hydrostatic head 
and strength properties has been made 
between similar monocomponent and 
bicomponent meltbiown webs pro- 
duced with these two geometric condi- 
tions, although absolute comparisons 
were difficult to make since other pro- 



Sample 
No. 


composition 


Basis 
Weight 
(gsm) 


Thickness 
(mm) 


.' Bulk 
Density 
(g/cm 3 ) 


11-1 


100% PP 


33.66 




0.095 


II-2 


75% PP/ 25% PE 


33.42 




0.101 


II-3 


75%PP/25%PE 


49.29 




0.112 


IM 


50% PP/ 50% PE 


50.62 


0.442 


U. I JO 


II-5 


25% PP/ 75% PE 


35.00 


0.277 


0.126 


II-6 


100% PE 


50.21 


0.361 


0.139 


II-7 


75% PP/25% PBT 


50.85 


0.444 


0.115 


II-8 


50% PP/50% Nylon 6 


40.97 


0.410 


0.100 


II-9 


25% PP/75% PET 


19.41 


0.308 


0.063 



mo : 

Tenacity 
( mN/tex ) 

1.40 
0.79 
7.83 
5.07 
0.52 
0.28 
0.49 
0.66 
0.547 



MD Breaking Bursting 
Elongation Strength 
(lb/in 2 ) 



11.53 
21.38 
7.23 
8.18 
13.56 
38.84 
3.18 
45.30 
56.55 



3.3 
4.4 
5 

4.7 

4 

5 
4.2 
5.2 
5.74 



FILTRATION EFFICIENCY ANn rappe r p ROPFltTnrg , cp ~ 



Sample 



Fiber Diameter 
(pm) 



MD Rexural 
Rigidity 
(mg-cm) 

512.55 
233.72 
860.98 
464.36 
71.21 
37.81 
544.97 
72.84 
16.00 

Table 5 
SERIES 



NaCI Aerosol 
Filtration Efficiency 



No. 


Composition 


SEM 


EFD 1 










11-1 


100%jPP 

75% PP/ 25% PE 


1.63 


2.82 


II-2 


2.85 


3.07 


II-3 


75% PP/ 25% PE 


2.85 


3.15 


IM 


50% PP/ 50% PE 


2.14 


2.95 


II-5 


25% PP/ 75% PE 


2.28 


3.11 


M-6 


100% PE 


2.97 


4.53 


II-7 


75% PP/25% PBT 


2.68 


2.81 


II-8 


50% PP/50% Nylon 6 


2.81 


6.35 


II-9 


25% PP/75% PET 


7.48 


12.91 



Hydro-Head (HH) 
(in) 



Air Perm. 



1 Effective fiber diameter; 2 Pressure drop 



FE (%) 


AP 2 (mm H 2 0) 


NFE 


HH 


NHH 


Avg. 


54.8 


4.8 


55.21 


35.46 


35.72 


36.65 


42.3 


3.8 


42.92 


30.92 


31.37 


48.93 


47.2 


4.8 


32.47 


31.00 


21.33 


36.95 


54.3 


5.5 


36.38 


33.92 


22.72 


33.44 


35.0 


3.1 


33.91 


29.63 


28.71 


56.00 


22.4 


1.9 


15.13 


19.29 


13.03 


80.40 


65.9 


6.1 


43.95 


31.84 


21.23 


32.01 


14.8 


1.1 


12.25 


13.13 


10.87 


164.40 


7.3 


0.2 


12.8 


4.47 


7,81 


555.64 



^■*ing conditions, such as polymer 
and air flow rates and temperatures. 
*ere not always the same. Processing 
conditions will be more closely 
etched in future work so that more 
specific conclusions can be drawn as 
l ^he effect of meltblown die geome- 

^SULTS AND DISCUSSION 



Th e basis weight, mechanical proper- 
es - filtration efficiency and barrier 



properties of the monocomponent and 
bicomponent meltblown webs are 
given in Tables 3 and 4 for the first 
series of trials, and the corresponding 
values are given in Tables 5 and 6 for 
the second series of meltblown trials. 
Average fiber diameter in micrometers 
(from scanning electron microscopy), 
normalized filtration efficiency (NFE) 
to 0.I jam NaCI particles, normalized 
to a basis weight of 33.91 gsm. and 
hydrostatic head (inches HX>) also 
normalized for a basis weight of 33.9 1 



Table 6 

gsm are graphed in Figures 1 and 2. 
Effective fiber diameters were deter- 
mined from face velocity (5.3 cm/sec) 
and pressure drop data (mm H20) 
obtained from thje TSI Model 8110 
Filtration Tester while determining FE 
to 0.1 pm NaCI aerosol by the method 
described by Tsai and Wadsworth 2 . 

By comparing Figures 1 and 2. it can 
be readily seen that the second series 
of meltblown trials with the 0.8 mm 
air gap and 1 .0 mm die tip setback, and 
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WEB CHARACTERISTICS: FIRST SERIES 




I-l 1-2 1-3 1-4 1-5 1-6 1-7 1-8 1-9 1-10 1-11 
SAMPLE NO. 



□ Fiber Diameter (pan) 

2E1 Normalized Filtration Efficiency (%) 

■ Normalized Hydro-head (in. H 2 0) 



Figure 1 



WEB CHARACTERISTICS: SECOND SERIES 
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□ Fiber Diameter (^m) 
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■ Normalized Hydro-head (in. H 2 0) 



Figure 2 



associated meltblown processing con- 
ditions, resulted in the smallest aver- 
age fiber diameters, highest normal- 
ized NFE value, and highest normal- 



ized hydrostatic head (NHH) resis- 
tance than did the first series of trials 
using a 0.5 mm air gap and 0.7 mm die 
tip setback and related processing 



conditions. Although the polymer 
throughput values were generally in 
the range of 0.5-0.6 g/hole/min (25 
holes/inch for a total of 601 holes 
across the 24-inch wide die tip), the 
primary air flow rates for the PP and 
PP/PE bicomponent runs were gener- 
ally much higher in the second series 
at 14.6 scfm/inch of die width (Table 
2) compared to 9.2-10.4 scfm/inch die 
width in the first series (Table 1). 
Both sets of conditions would have 
favored smaller fiber diameter and 
greater NFE and NHH in the second 
series. Furthermore, the lower die-to- 
collector distance (DCD) in the melt- 
blown runs of PP and PP/PE of 6.0 
inches used in the second series would 
have resulted in more uniform lay- 
down of meltblown fibers than would 
have the DCD of 8.0 inches used in the 
first run series. 

As shown in Figure 1 and Table 4, if 
the average fiber diameter. NFE and 
NHH results obtained with the 100% 
PP and bicomponent PP/PE melt- 
blown webs produced in the first 
series are compared, even though the 
1007c PP web had the lowest average 
fiber diameter of 2.80 ^m, NFE was 
only 21.9% to 0.1 ym NaCl aerosol, 
compared to 28.4 and 27.0% with the 
25% PP/75% PE core/sheath bicom- 
ponent and 50% PP/50% PE bicompo- 
nent webs, although these bicompo- 
nent webs had larger average fiber 
diameters of 3.2 and 3.32 urn respec- 
tively. The effective fiber diameters 
(Tables 4 and 6) although they were 
always higher, followed the same 
trend as did the fiber diameters 
determined by SEM analysis. 
Nevertheless, these results would be 
expected if the bicomponent PP/PE 
fibers are more nonround in cross sec- 
tion than 100% PR The longitudinal 
SEM photomicrograph of 100% PP 
(Figure 3) indicates the typical round 
shape; whereas, the longitudinal SEM 
photomicrographs of the 50% PP/50% 
PE bicomponent meltblown web 
(Figure 4) reveals many "doublets" in 
which the bicomponent fibers are 
fused together. Thus, a more irregular 
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SEM FOR SAMPLE 1-1 
(100% PP, 550x) 



SEM FOR SAMPLE 1-3 
(50% PP/50% PE, I330x) 




shape results, giving the fiber more 
surface area to capture aerosol pani- 
cles. The NFE of Sample 1-3 (50/50 
bicomponem PP/PE) is higher than 
wiih Sample I- 1 (100% PP), while the 
NHH is similar. 

Although the NFE and NHH values 
obtained with the 100% Hoechsi EKX 
183 PET and bicomponem PP/PET 
samples were relatively low due to the 



high SEjM fiber diameters, which were 
on the order of 4 jjro, whereas the 
effective Tiber diameter ranged from 5- 
9 urn. Again, the 1 00% Hoechst EKX 
183 PET fibers (Figure 5) were round 
and smooth surfaced; whereas, the 
50/50 PP/PET fibers (Figure 6) were 
flat, twisted and ribbonlike in shape. 
One of the objectives of this work is to 
achieve average fiber diameters of 1-2 
Hm with these irregular shupes. 



Bulk density of the PP/PE bicompo- 
nem webs was notably higher than 
with 100% PP (Table 3). Thus, it 
appears thai the PE also serves to fuse 
the web together. The PE component 
also resulted in lower meltblown web 
tenacity but in much softer webs with 
lower flexural rigidity. On the other 
hand, compared to 100% PBT, the 
50/50 PP/PBT web had slightly less 
buk density, greater tensile strength, 
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f somewhat lower bursting strength, but 
notably higher flexural rigidity. The 
PP/PET bicomponent webs had slight- 
ly higher bulk density than did the 
100% PET web but had much higher 
MD tensile strength, similar bursting 
strength and mucfi higher flexural 
rigidity. The 100% nylon 6 webs had 
an extremely low flexural rigidity, 
which increased appreciably with the 
bicomponent PP/nylon' 6 webs. 
However, MD tenacity with the 
PP/nylon 6 bicomponent webs was 
essentially twice as high. 

These authors have meltblown bicom- 
ponent pairs of PET/PE which had 
much lower bulk densities than 100% 
PET, PE, PP or bicomponent pairs of 
PBT/PP or PET/PP, which will be the 
subject of a future paper 3 . The melt- 
blowing of bicomponent pairs with 
greatly different densities, such as 
PET (density of 1.38 g/cm 3 ) and PE 
(density of 0.93 g/cm 3 ) should logical- 
ly induce more crimp and thereby 
reduce bulk density. 

The physical properties of the mono- 
component and bicomponent webs 
produced in the second series of trials 
followed similar trends with mono- 
component and bicomponent polymer 
pairs as did the first series, except that 
the meltblown tenacity and bursting 
strength values were generally much 
lower in the second series of trials. A 
possible explanation could be that 
with the 0.8 mm air knife, even though 
the scfm/inch of die was generally 
notably higher in the second series, 
would still have resulted in substan- 
tially lower air velocity than the 0.5 
mm air gap in the first series. Thus, 
the meltblown filaments in the second 
series may have less stress induced 
crystallinity and orientation. This can 
be rationalized despite the fact that 
significantly smaller corresponding 
fiber diameters were produced in the 
second series of trials, because in 
meltblowing, the hot air helps keep the 
viscosity of the molten polymer lower 
so that reduction in filament diameter 
occurs largely by diameter thinning of 



the molten portion of the spinning 
thread line, resulting in little molecular 
orientation in this phase of the process. 

PLANS FOR FUTURE WORK 



As shown in Figure 2 and Table 6, the 
100% PP resulted in the lowest aver- 
age fiber diameter of 1.63 \xm and the 
highest NFE and NHH values of 
55.21% and 35.72 inches of water, 
respectively. In future trials, extensive 
efforts will produce bicomponent pairs 
such as PP/PE, PBT/PP with irregular 
cross sections and with average fiber 
diameters in the range of 1.5-2.0 \im. 
The increased surface area resulting 
from the combination of the extremely 
small fiber diameters and the irregular 
cross sections should result in greatly 
enhanced filtration and hydrostatic 
head properties. 

Controlled experiments are also 
underway in the meltblowing of 
monocomponent and bicomponent 
fibers to more clearly determine the 
effects of polymer throughput, air-to- 
polymer ratio, air knife gap and die tip 
setback geometry and the effects of 
these settings on air velocity and fiber 
quenching. 

Thermally bonded laminates of 
spunbond/meltblown (SM) or spun- 
bond/meltblown/spunbond (SMS) will 
be produced under different bonding 
conditions to determine if stronger 
laminations can be produced with less 
temperature and pressure and at much 
greater speeds. 

For the 1999 INSIGHT International 
Conferences scheduled for October 
31-November 4, 1999 in San Diego, 
California, the data in this article will 
be expanded to include the effects of 
heating all of the webs from the first 
and second series of trials without ten- 
sion to determine the effects on bulk 
density, strength properties, filtration 
efficiency and hydrostatic head. 
Additional work will include head- 
stretching the webs per the invention 
of Hassenboehler and Wadsworth 4 " 7 



which imparts elasticity to the web 
and decreases pore size, and this data 
will be presented at the Ninth Annual 
TANDEC Nonwovens Conference in 
Knoxville, Tennessee during 
November 10-12, 1999. 
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